Abstract Alzheimer's disease (AD) is an age-related neurodegenerative disorder. The exact mechanism for the AD pathogenesis is not clearly understood. However, a number of hypotheses have been proposed to explain the pathogenesis of AD. One the hypotheses is the oxidative stress hypothesis that is supported by a number of studies which reported an increase in the levels of reactive oxygen/reactive nitrogen species and their products with a concomitant decrease in the levels of antioxidant enzymes in AD brain. In the present study, we measured in AD brain the expression levels of different forms (monomer, dimer and tetramer) of the proapoptotic protein, p53, and observed greater levels of p53 monomer and dimer in AD brain compared to control. In addition, we also showed the selective glutathionylation of monomeric and dimeric form of p53 in AD brain. We propose that glutathionylation of p53 may prevent the formation of tetramer, an aggregate form required for effective action of p53, and may be involved in oxidative stress conditions and neurodegeneration observed in this dementing disorder.
Introduction
Alzheimer's disease (AD) is an age-related neurodegenerative disorder characterized pathologically by senile plaques, neurofibrillary tangles (NFT), and brain atrophy [1] . Some of the major risk factors for AD are age, head injury, low intellectual levels [1] , the presence of ApoE-4 alleles in both sporadic and familial AD (FAD) [2] , and genetic factors, such as mutation in amyloid precursor protein (APP) and presenilin-1 in FAD [3] among others. The exact mechanism (s) responsible for AD pathogenesis is (are) not clearly understood, which limits the development of faithful animal models and the development of therapeutics to treat or delay the onset of AD. Large numbers of studies have proposed various hypotheses to explain the pathogenesis or progression of AD that include the amyloid hypothesis, oxidative stress hypothesis, APOE genotype, etc. [4] [5] [6] . Further, the use of vitamin E in cell culture diminished Ab (1-42)-induced toxicity, which supports the role of oxidative damage in AD pathology [7, 8] .
One of the most important antioxidants present in the brain is glutathione (GSH) [9] [10] [11] . GSH maintains the cellular redox balance depending upon the pH of the cellular compartment and is involved in various biosynthetic processes as well [12] . GSH act as a oxyradical scavenger by scavenging NO and other oxidants, thereby protecting the cells against oxidative damage by reducing oxidized or nitrosylated protein thiols [12] [13] [14] [15] [16] . In addition, GSH is involved in the elimination of toxic oxidation products such as 4-hydroxy-2-nonenal (HNE), a product of lipid peroxidation [10, 17] . In AD brain, the levels of GSH are reduced with a concomitant increase in glutathione disulfide (GSSG) levels [18, 19] . Normally the ratio of GSH to GSSG is maintained extensively towards the more reduced state, and any alteration in this ratio may induce reversible formation of mixed disulfides between protein sulfhydryl groups (PSH) and glutathione (S-glutathionylation) of a large number of proteins [10, 11] . Moreover, activation of several signaling pathways, including protein kinase B, calcineurin, nuclear factor jB, and mitogen-activated protein kinase, result from changes in redox status of neurons following oxidation of GSH [20] .
S-glutathionylation is a reversible posttranslational modification from which the release of GSH can be catalyzed enzymatically by glutaredoxin, a thioltransferase [21] [22] [23] . The role of S-glutathionylation during oxidative stress has not been completely elucidated and several hypotheses have been proposed. Glutathionylation may represent a reversible way of protection from oxidation of cysteine residues of proteins, preventing permanent damage [10, 11, 24, 25] . Glutathionylation may also serve as a storage mechanism for glutathione inside the cell preventing its rapid extrusion from the cell [11, 26] . S-glutathionylation also occurs under basal conditions, suggesting its possible involvement in cellular signaling and redox regulation of protein functions [22, 27, 28] .
p53 is a tumor-suppressor protein that plays an important role in maintaining genomic integrity [29] during the exposure of cells to radiation, genotoxic chemicals, hypoxia or oxidative stress [30, 31] . p53 protein has five domains: N-terminus, C-terminus, proline rich domain, DNA binding domain, and homo-oligomerization domain. The homo-oligomerization domain is essential for tetramerization of p53, a state that is important for DNA binding activity of p53, required for activation of the transcription of several genes involved in cell-cycle control, DNA repair, and apoptosis [32] .
Recent studies from our laboratory showed increased expression of p53 in AD brain [30] . Further, p53 was shown to be oxidatively modified in brains from subjects with AD and arguably the earliest form of AD, mild cognitive impairment (MCI) [30, 31] . In the present study, we measured the amount of monomer, dimer and tetramer of p53 using Western blot analysis, and we determined the amount of glutathionylation of each form of p53 in control and AD inferior parietal lobule. The results suggest increased levels of monomeric and dimeric forms of p53, with no change in the level of tetrameric p53 in AD samples compared to that of control. Further, the level of glutathionylation of p53 is increased in monomer and dimeric forms of p53 in AD samples compared to controls.
Materials and Methods
Most chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA), while nitrocellulose membranes and the electrophoretic transfer system transblot semi-dry transfer cell were purchased from Bio-Rad (Hercules, CA, USA). Anti-p53 monoclonal antibody used for immunoprecipitation and Western blotting was obtained from Calbiochem (LA Jolla, CA, USA), while anti-GSH mouse monocolonal antibody was purchased from Virogen (Watertown, MA, USA). An anti-mouse IgG alkaline phosphatase secondary antibody was obtained from Chemicon International (Temulca, CA, USA).
Subjects
Frozen inferior parietal lobule (IPL) samples from AD and age-matched controls were obtained from the University of Kentucky rapid autopsy program of the Alzheimer's disease clinical center (UK ADC). The diagnosis of probable AD was made according to criteria developed by the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) and the Alzheimer's disease and Related Disorders Association (ADRDA) [33] . All AD patients displayed progressive intellectual decline. Control subjects were without history of dementia or other neurological disorders and underwent annual mental status testing and semi-annual physical and neurological exams as part of the UK ADC normal volunteer longitudinal aging study. Samples and demographics used for the AD study were described previously [34] . Of note, the post mortem interval was approximately 3 h for both control and AD subjects.
Sample Preparation
The brain tissues (IPL) from control and AD were sonicated in lysis buffer (pH 7.4) containing 10 mM HEPES buffer, 137 mM NaCl, 4.6 mM KCl, 1.1 mM KH 2 PO 4 , and 0.6 mM MgSO 4 , as well as proteinase inhibitors leupeptin (0.5 mg/ml), pepstatin (0.7 mg/ml), type II S soybean trypsin inhibitor (0.5 mg/ml), and PMSF (40 mg/ml). Homogenates were centrifuged at 14,0009g for 10 min to remove debris [35] . Protein concentration in the supernatant was determined by the Pierce BCA method (Pierce, Rockford, IL, USA).
Immunoprecipitation Analysis
For immunoprecipitation of glutathione-conjugated p53 and to study the p53 isoforms levels in controls and AD IPL, 150 lg of protein extracts were dissolved in 500 ll of RIPA buffer (10 mM Tris, pH 7.6; 140 mM NaCl; 0.5% NP40 including protease inhibitors) and then incubated with 1 lg of the conformation-specific antibody PAb1620 (wild-type specific) at 4°C overnight. Immunocomplexes were collected by using protein A/G suspension for 2 h at 4°C and washed five times with immunoprecipitation buffer. Immunoprecipitated p53 was recovered by resuspending the pellets in non-reducing SDS buffers and subjected to electrophoresis on 10% gels followed by Western blot analysis using as a primary antibody the polyclonal anti-p53 antibody CM1 at a 1:1,000 dilution or monoclonal anti-GSH antibody at a 1:1,000 dilution for 4 h at room temperature. After three washes for 5 min with wash blot, the membranes were incubated for 1 h at room temperature with an anti-rabbit or anti-mouse IgG alkaline phosphatase secondary antibodies, respectively, diluted 1:2,000 in wash blot and developed using 5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium (BCIP/ NBT) color developing reagent. Blots were dried and scanned with Adobe Photoshop and quantitated with Scion Image (PC version of Macintosh-compatible NIH Image) software.
Gel Staining
To measure p53 levels the gels were fixed in a solution containing 10% (v/v) methanol and 7% (v/v) acetic acid for 20 min and then stained overnight at room temperature with agitation in 50 ml Sypro Ruby gel stain (Bio-Rad, Hercules, CA, USA). The gels were scanned with a UV transilluminator (excitation wavelength: 470 nm, emission wavelength: 618 nm; Molecular Dynamics, Sunnyvale, CA), and quantitated with Scion Image (PC version of Macintosh-compatible NIH Image) software.
Statistics
All statistical analysis was performed using a two-tailed Student's t-test. P \ 0.05 was considered significantly different from control.
Results

Monomer, Dimer and Tetramer Forms of p53 Protein in AD IPL
In the present study the protein extracts from controls and AD IPL were immunoprecipitated with a conformational specific antibody against p53 (wild type specific Ab 1620) and then subjected to Western blotting analysis in nondenaturing conditions to preserve p53-GSH interaction. Fig. 1 (a, b) shows a 2-fold increase of p53 monomer (P \ 0.04), and 1.2-fold (P \ 0.02) increase of p53 dimer, while there was no change in the level of tetrameric p53 in AD samples compared to that of controls.
Glutathionylation Levels in p53 Protein in AD IPL
As is showed in the Fig. 2 (a, b) we found that GSH reacts with three forms of p53, the monomeric form, the dimeric form, and the tetrameric form. Our data show that in AD brain compared with control, the increase in glutathionylation is about 1.3-fold for the dimeric form and about 1.7-fold for the monomeric form, with both values being statistically significant (P \ 0.05). Tetrameric p53 was not differentially bound by GSH in AD vs. control.
Discussion
Oxidative stress has been demonstrated in the IPL of AD brain as indexed by an increased number of oxidized proteins. The proteomics-identified oxidatively modified and dysfunctional brain proteins by our laboratory were reported to be involved in various cellular functions such as energy metabolism, mitochondrial function, cell cycle, synaptic plasticity, excitotoxicity, proteasomal dysfunction, lipid abnormalities, neuritic abnormalities, tau hyperphosphorylation, etc. [34, [36] [37] [38] [39] . The oxidative modification and dysfunction of these proteins could lead to altered cell functions and eventually lead to neuronal death [40] [41] [42] , plausibly providing mechanism(s) for neurodegeneration observed in the AD brain.
A majority of redox-sensitive proteins have one or more cysteines that exist as thiolate anions, also called reactive cysteines, which play a crucial role in redox signaling [43] . The reactive cysteines are more nucleophilic and, therefore, are highly susceptible to attack by reactive oxygen and reactive nitrogen species (ROS and RNS, respectively) [44] . Considerable evidence showed the involvement of cysteines in the redox modulation and DNA binding function of p53 [45] [46] [47] . Human p53 has ten cysteine residues localized in its DNA binding domain, between amino acids 100 and 300 [45] . These cysteines are really important to stabilize the tertiary structure of p53 core domain and consequently its functionality.
p53 binds the DNA as a symmetric tetramer consisting of two head-to-head dimers, with each dimer occupying a half-site of sequence target [48] . Although a single dimer is sufficient for DNA binding, the interaction is enhanced ([50-fold) by the interaction of second dimer that also stabilizes the tetramer [48, 49] . In native condition p53 is localized in the cytoplasm as a monomer, and it is unable to bind DNA.
In the present study we demonstrated significantly increased levels of p53 dimeric and monomeric forms in AD IPL compared to control samples, but not of p53 tetrameric form. Recent work from our laboratory showed that the total expression of p53 in AD and MCI IPL compared to control was significantly increased [30] . The data of the present report confirm these previous results, and further suggest that the increase in the p53 levels mainly is due to increased levels of monomeric and dimeric forms of p53. Further, we also found that GSH binds to three different structures of p53, the tetramer, the dimer and the monomer. The most abundant S-glutathionylated form is the tetrameric form that is observed in both the control and AD sample. However, an overall increase in the levels of glutathionylation was observed only for monomeric and dimeric forms. This increase in glutathionylation of monomeric and dimeric forms, if it occurs in the DNA-binding domain of p53, may prevent the formation of tetramer, thereby preventing the interaction of p53 with DNA [45, 46] . Because glutathionylation of p53 may prevent the formation of p53 tetramer, this may cause a negative regulation of p53 tetramerization and probably the binding to DNA. Interestingly, a recent study, employing theoretical considerations, hypothesized the Cys182 of p53 could be a target of glutathionylation, and this would inhibit the tetramerization of p53 [46] . Gluthionayltion may be considered as a protective mechanism for critical and conserved cysteine residues against irreversible oxidation [11] . In the case of p53, glutathionylation also can represent a way to protect the integrity of its sulfhydryl groups from irreversible modification that occurs in the progression of AD, leading to permanent inactivation and degradation of the protein. S-glutathionylated p53 conceivably may represent a small pool of inactive protein, which could become useful after the reversion of GSH binding, in response to a critical situation [47] . Another interesting speculation that can be made about the p53 Fig. 1 a Representative gel of the levels of p53 in AD IPL and age-matched control (CTR) IPL. 150 lg of proteins from N = 6 AD and CTR samples were immunoprecipitated with p53 antibody and then electrophoresed using nonreducing SDS-PAGE. Gel was fixed and stained using Sypro Ruby. b The densitometric analyses of the levels of the three forms of p53 in AD IPL and CTR IPL specimens are presented. The control value was set to 100%, to which experimental values were compared. Ba: tetrameric form CTR = 100 ± 14%, AD = 95 ± 17%. Bb: dimeric form CTR = 100 ± 12.6%, AD = 119.3 ± 5.5% p \ 0.02. Bc: monomeric form CTR = 100 ± 33.3%, AD = 196 ± 12% p \ 0.04 glutathionylation is the suppression of the apoptotic signals generated in stressed cells [47] as an adaptation strategy. This defensive response may facilitate a reprogramming of gene expression for cytoprotection and/or prevent cell death [50, 51] . S-glutathionylation of p53 may be considered a redox-dependent posttranslational modification with potential relevance to signal transduction.
Further, monomeric and dimeric forms of p53 might have the reactive cysteines of the core domain of p53 exposed to the external environment, which would make them more susceptible to oxidative stress attack and consequently to GSH conjugation. On the contrary, in the tetrameric isoform, the reactive cysteines perhaps are hidden inside the quaternary structure, and hence may not be accessible to GSH. Further studies are required to identify the specific cysteine residue(s) that is (are) glutathionylated. A previous study reported that glutathionylation could occur on Cys124 or Cys141 in a single p53 molecule, but not together due to their closeness and the resulting steric hindrance. The energy-minimized model of S-glutathionated p53 suggested that the modification would result in retraction of the recognition loop from DNA, and a dimer interface would not form [47] .
The sensitivity of p53 to oxidative and nitrosative stress was reported in our previous studies [30, 31] . Further, several studies on cell lines culture suggested that p53 is highly prone to oxidative inactivation. For example, genes targeted for transactivation by p53 in human cells are affected by pharmacological oxidizing and reducing agents [52] . Hypoxia and nitric oxide induce inactivation of p53 [53, 54] . The functions of p53 are also sensitive to metal cations and Cu 2? /Cu ? redox cycling [55] . A recent proteomics study from our laboratory identified a number of proteins that are S-glutathionylated in AD brain, which are involved in different cellular processes such as glucose metabolism or energy metabolism showing partial loss of their functions. These results indicate the involvement of S-glutathionylation in AD brain, suggesting a crucial role for glutathionylation during the progression of the disease [56] . In summary, the present study for the first time showed the glutathionylation of p53 in AD brain is elevated specifically on the monomeric and dimeric forms of p53, suggesting that post-translational modification of p53 could be involved in neurodegeneration and in oxidative stress conditions. Additional investigations are in progress in our laboratory to study the ability of p53 to bind the DNAsequence targets and its activity under oxidative stress in neurodegenerative diseases such as Alzheimer disease and after S-glutathionylation.
